This study investigated the binding capacity of equine spermatozoa (both ejaculated and from different epididymal regions) to the oviductal epithelial cells (OECs) culture, before and after cryopreservation, using an oviduct explant assay. Ejaculated and epididymal sperm from caput, corpus, and cauda of 10 stallions were diluted and submitted to freezing process. Fresh and frozen-thawed sperm were evaluated for sperm kinematics, plasma membrane integrity (PMI) and incubated with oviduct explants. The cryopreservation process decreased significantly the sperm motility parameters of ejaculated sperm, and corpus and cauda epididymal sperm (P < .05). The percentage of PMI was significant higher in fresh samples versus frozen-thawed samples, in all analyzed groups (P < .05). Binding of ejaculated spermatozoa to oviduct epithelium was significantly higher than caput, corpus, or cauda epididymal sperm (P < .05). The caput epididymal sperm showed no binding capacity to oviduct explants; thus, significantly more sperm recovered from the corpus and cauda epididymis were bound to OEC compared to caput epididymal sperm (P <.05). No differences were observed in ejaculated and epididymal sperm before and after cryopreservation (P > .05). In conclusion, the ejaculated sperm has higher binding capacity than epididymal sperm, suggesting that the seminal plasma plays an important role in the establishment of the oviductal sperm reservoir. The cryopreservation process did not affect the binding capacity of ejaculated or epididymal spermatozoa to oviductal epithelium.
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Introduction
The collection and cryopreservation of epididymal sperm plays an important role to preserve genetic information in cases of valuable deceased males, unexpected death, and catastrophic injury in which semen collection is not possible [1] . Relevant advances in stallion's epididymal sperm technology have been performed in the last years, resulting in a significant improvement of the viability and fertility of the recovered sperm cells [1] [2] [3] [4] [5] . Therefore, only cauda epididymal sperm is used in artificial insemination because the spermatozoa collected from the proximal segments are unable to fertilize an oocyte [6, 7] .
The cauda epididymal fluid provides an important environment for the sperm survival during storage maintaining the cells in a quiescent state, preserving the metabolism and fertilizing capacity [8, 9] .
The unique composition of cauda fluid includes different secretory proteins either native or transported from proximal segments of the epididymis [10] , specific enzymes [11] , low concentration of luminal and intracellular calcium [12] , sperm-proteases interaction (Rosettes) [13] , acidic pH and low sodium, chloride, glutamate, and androgen concentrations [14] . However, it is well known that the ability of sperm to fertilize eggs is due to the modifications that occur in epididymal sperm from caput to caudal segments [15] and not to local factors.
Each anatomic region (caput, corpus, and cauda) of epididymis is characterized by its own secretory activity resulting in successive biochemical environments in which sequential interactions with the sperm membrane occur [16] . The differences of the microenvironment and sperm functionality along the epididymal transit may allow the development of sperm ability to bind to the oviductal epithelial cells (OECs) and consequently form the sperm reservoir.
Binding of epididymal bull sperm to epithelium occurs at a low level [17] , but once they are coated with members of the bovine seminal plasma (BSP) proteins, their binding increases to the level of ejaculated sperm [18, 19] . SP-1 and SP-2 are the most abundant proteins in equine seminal plasma [20] , and they are the equine orthologs to the BSP, which have been shown to be involved in early fertilization steps [21] .
Previous studies have shown a positive association between the in vitro capacity of sperm to bind to oviductal epithelium and fertility [22, 23] . Furthermore, the sperm binding to oviductal epithelium has different functions, such as reducing the risk of polyspermy by releasing a gradual amount of sperm from the reservoir at the time of ovulation, preventing premature sperm capacitation [24] and maintaining sperm viability [25] . However, it is still largely unknown where and when spermatozoa develop this ability to bind to the oviductal epithelium and hence form the sperm reservoir. It is not clear whether this capacity begins to develop in the ejaculate or during sperm maturation in different regions of the epididymis. It is known that the maturation processes that occur to spermatozoa during their passage in the epididymal tract contribute to the biochemical changes to their plasma membrane [10] , but the ability of the equine epididymal sperm to bind to OEC in vitro, especially among different regions of the epididymis, remains unknown.
The cryopreservation of spermatozoa recovered from epididymis allows the germplasm to be stored indefinitely in liquid nitrogen for future use, without a significant loss of fertility [3] . However, various sperm organelles are affected due to the detrimental effects of cryopreservation, such as induction of premature acrosomal reaction, altered mitochondrial function, cold shock, reduction of motility, and failure of chromatin decondensation, thereby affecting the viability and fertility of the cells [26] [27] [28] [29] . In stallions, the cryopreservation of ejaculated sperm decreases the number of sperm binding to OEC and the length of time these sperm survive [30] .
In order to investigate the binding potential of equine spermatozoa ejaculated and from different regions of the epididymis in the oviductal epithelium, before and after cryopreservation, a sperm binding study was performed using an oviduct explant assay.
Materials and Methods
All animal procedures were followed the guidelines for the ethical treatment and approved by the Institutional Animal Care and Use Committee of the School of Veterinary Medicine and Animal Science, São Paulo State University (UNESP), Botucatu, Brazil.
Animals
Ten stallions (six Andalusians and four Brazilian Sport Horse) aged between 34 and 38 months, clinically healthy were used. Prior to experiment, the animals were submitted to andrological examinations, and three ejaculates from each stallion were collected with an interval of 2 days.
Sperm Collection

Ejaculated Sperm
One ejaculate from each stallion was collected using an artificial vagina. After removal of the gel fraction, the semen was diluted in a skim milk-based extender (BotuSemen; Botupharma, Brazil) to a final concentration of 50 Â 10 6 sperm/mL and transported at 15 C in a semen transport container (Botupharma) for approximately 60 minutes until arrival at the laboratory.
Epididymal Sperm
One week after semen collection, the stallions were submitted to bilateral orchiectomy. The surgical procedure was performed as described by Guasti et al [31] , with modifications. The regional anesthesia was modified by applying 10 mL of 2% lidocaine (with epinephrine) under the scrotal skin along the incision line using a 21-gauge 1.25-inch needle. After castration, the vas deferens was clamped; the testes were identified and placed in lactated Ringer's solution. Testes and epididymides were then transported at 15 C in a semen transport container (Botupharma) for approximately 60 minutes until arrival at the laboratory.
The epididymis was isolated from the testis and divided into three regions (caput, corpus, and cauda) as described by Gatty et al [15] . Small segments (5 mm) between each epididymal region were removed to avoid overlapping of different sperm population. The recovery of epididymal sperm was performed using the flotation technique described by Cary et al [32] with skim milk-based extender (BotuSemen; Botupharma). After recovery, the sperm concentration was set to 50 Â 10 6 sperm/mL.
Cryopreservation of Ejaculated and Epididymal Sperm
The cryopreservation process was performed according to the instructions supplied by the freezing extender manufacturer. The ejaculated and epididymal sperm were centrifuged at 600g for 10 minutes. The supernatants were discarded, and sperm pellets were extended to a final concentration of 100 Â 10 6 sperm/mL in an egg yolk-based freezing extender (BotuCrio, Botupharma) and packaged into 0.5-mL straws. The sperm samples were transferred to a refrigerator (Minitub do Brasil, Brazil) and remained at a constant temperature of 5 C for 20 minutes. Subsequently, an isothermal box (Styrofoam box) of 42-L capacity was filled with a depth of 3.5-cm liquid nitrogen (N2). The straws were placed horizontally at 6 cm above the level of N2 for 20 minutes and then immersed into liquid nitrogen for storage [1] .
Sperm Evaluation
The ejaculated sperm samples were evaluated after semen collection and after thawing, and the epididymal samples were evaluated after resuspension in the freezing extender and after thawing. The straws were thawed at 46 C for 20 seconds [33] . The motility parameters were evaluated by computerassisted sperm analysis (CASA; HTM IVOS 12) for total motility (TM, %), progressive motility (PM, %), and percentage of rapid sperm (RAP, %). The CASA analysis setup was the same described by Guasti et al [30] (Table 1) . Motility parameters were collected and recorded by the analysis of five random fields and at least 1,000 sperm cells.
The plasma membrane integrity (PMI) was evaluated at Â400 magnification by epifluorescence microscopy (Leica Microsystems, DMLB, Wetzlar, Germany) using a 540-to 525-nm fluorescence excitation filter and a 605-to 655-nm fluorescence emission filter. The fluorescent probes carboxyfluorescein diacetate and propidium iodide were used to assess the PMI, as described by Harrison and Vickers [34] . Two hundred sperm cells were counted and evaluated per sample.
Collection and Processing of Oviducts for Culture
All chemicals and media were obtained from Life Technologies. For this study, bovine oviducts were chosen due to the proximity of the slaughterhouse and easy accessibility. Furthermore, previous studies demonstrated that it is possible to perform sperm binding tests in coculture with OECs from different species [30, 35] .
Oviducts were obtained at a slaughterhouse from pubertal Nelore heifers aged 13-15 months and transported to the laboratory in a prewarmed (38.5 C) 0.9% sodium chloride solution for approximately 40 minutes. Upon arrival, the oviducts were cleaned and washed using prewarmed (37 C) lactated Ringer's solution and separated from ligaments and blood vessels. Only oviducts which ovaries did not show any signs of cyclicity such as follicular growth, ovulation, or the presence of corpus luteum were selected. A "pool" of oviducts was performed in order to eliminate the individual effect of the female. The collection of oviductal epithelium and cell culture was performed as described by Petrunkina et al [36] and Wagner et al [37] with modifications. A section after uterotubal junction, approximately 4 cm long, was cut and used to obtain OECs. The segments were placed in a 60 Â 16 mm Petri dish (TPP, Switzerland) containing tissue culture medium (TCM 199) supplemented with 10% fetal bovine serum (FBS), 5 mg/mL insulin, 5 mg/mL transferrin, 5 ng/mL selenium, and 25 mg/ mL gentamicin sulfate. Each oviduct segment was clamped in the isthmus using a sterile hemostat and squeezed by pressure with a glass slide to recover the OECs.
The OEC suspension was aspirated using a 1-mL micropipette and transferred to Petri dishes (60 Â 16 mm) containing 20 mL prewarmed (38.5 C) supplemented TCM 199. The cells were gently mixed and disaggregated by being passed once through a 25-gauge needle. The suspensions were washed twice at 200g for 10 minutes at room temperature, OEC were extended in 10 mL supplemented TCM 199, and then transferred into 6-cm Petri dishes.
The OEC were incubated at 38.5 C under an atmosphere of 5% CO 2 and 100% humidity for 24 hours. After this period, the OEC organized in aggregates (explants) exhibiting vigorous ciliary activity was selected, and OEC with poor ciliary activity was discarded. 
Sperm Preparation
Epididymal and ejaculated sperm samples (fresh and frozen thawed) were washed by a density gradient (EquiPure, Nidacon, Sweden) at 900g for 5 minutes to remove the semen extender. The supernatant was discarded, and the sperm pellet was extended to a final concentration of 0.5 Â 10 6 sperm/mL per drop in 50-mL human tubal fluid (HTF, Irvine Scientific) containing 5 mg/mL bovine serum albumin, 11 mg/mL sodium pyruvate, 0.5 mg/mL caffeine, 3 mg/mL heparin, 0.3 mg/mL penicillin-amine, 0.11 mg/mL hypotaurine, 0.18 mg/mL epinephrine, and 16.67 mg/mL amikacin sulfate.
Sperm-Oviduct Binding
The experimental trials were established by adding different sperm suspensions to the oviduct explants, which were: (1) fresh ejaculated sperm; (2) fresh caput epididymal sperm; (3) fresh corpus epididymal sperm; (4) fresh cauda epididymal sperm; (5) frozen-thawed ejaculated sperm; (6) frozen-thawed caput epididymal sperm; (7) frozen-thawed corpus epididymal sperm; and (8) frozenthawed cauda epididymal sperm. A final concentration of 0.5 Â 10 6 sperm/mL was added to the oviduct explantcontaining droplet for each group. The droplets were incubated at 38.5 C in a humidified atmosphere of 5% CO 2 in air for 30 minutes and cultured under mineral oil to prevent evaporation.
Quantification of Sperm Binding to Oviductal Epithelium
After coincubation, the sperm-oviduct explants were washed in drops of HTF for removal of unbound spermatozoa and transferred to a warm glass slide and examined using a differential interference contrast microscope (Leica DM 2500, Leica Microsystems GmbH, Germany) coupled to a digital camera (Leica DFC295, Leica Microsystems), at a magnification of Â40. Two images were captured per sperm-oviduct explant. The number of bound spermatozoa was counted at the edges and explant surface. The surface area was included in the quantification of binding due to surface variation and heterogeneity of sperm binding. The surface area of the oviduct explant was measured with ImageJ software (National Institutes of Health) to calculate the number of spermatozoa bound to the oviductal explant per mm 2 , dividing the number of sperm bounded by the surface explant area.
Scanning Electron Microscopy
The preparation for scanning electron microscopy was the same described by Martins et al [38] . Sperm-oviductal explants cultures were fixed in 2.5% glutaraldehyde for 48 hours and then washed in phosphate buffer, 0.1 M, pH 7.3. Samples were postfixed in 1% osmium tetroxide solution, washed in phosphate buffer, dehydrated in alcohol solutions at increasing concentrations, 75%-100%, and dried in a critical point device (Balzers CPD-020, Liechtenstein) using liquid carbon dioxide. The specimens were mounted on a metal base using silver glue and covered with gold in a device (Balzers MED-01, Liechtenstein) before being observed with an scanning electron microscope at increasing magnifications (model Quanta 200 FEG; FEI Company, EUA), under 15 KV tension.
Statistical Analyses
Data were checked for normality by KolmogorovSmirnov test. The comparison of sperm parameters and sperm binding index to OECs between the groups was analyzed by analysis of variance followed by Tukey's test. The effect of cryopreservation was analyzed by Student's t test. Statistical analyses were performed using InStat 5.0 computational program (GraphPad Software Inc). Treatments were considered different if P .05.
Results
Comparison Between Ejaculated and Epididymal Spermatozoa
No differences were observed in fresh ejaculated or cauda epididymal sperm for TM and RAP (P > .05; Fig. 1 ). However, PM was higher in ejaculated sperm versus epididymal sperm recovered from caput, corpus, and cauda (P < .05; Fig. 1 ). Plasma membrane integrity was lower in fresh caput epididymal sperm versus ejaculated sperm, and corpus and cauda epididymal sperm (P < .05; Fig. 1 ).
After thawing, the total and PM and %RAP were significantly higher in ejaculated spermatozoa compared to epididymal spermatozoa (P <.05; Fig. 2 ). As observed in fresh samples, the post-thaw PMI of frozen-thawed caput epididymal sperm was decreased in relation to ejaculated sperm, and corpus and cauda epididymal sperm (P < .05; Fig. 2) .
The cryopreservation process decreased significantly the sperm motility parameters of ejaculated sperm, and corpus and cauda epididymal sperm (P < .05; Table 2 ). Despite the fact that the fresh and frozen-thawed caput epididymal sperm had reduced values in sperm kinematics, it was not affected by the cryopreservation (P > .05; Table 2 ). Also, the percentage of PMI was significant higher in fresh samples versus frozen-thawed samples, in all analyzed groups (P < .05; Table 2 ).
Sperm-Oviduct Binding Assay
The use of a bovine oviduct explant model (Fig. 3A) to coincubate equine sperm cells was efficient, by spermatozoa were observed interacting with oviductal cells, after culture ( Fig. 3B; Fig. 4) .
After 30 minutes of coincubation, significantly more ejaculated spermatozoa were bound per mm 2 of oviduct epithelium compared to spermatozoa recovered from caput, corpus, or cauda epididymis (P < .05; Table 3 ). The caput epididymal sperm showed no binding capacity to oviduct explants (Table 3) ; thus, significantly more sperm recovered from the corpus and cauda epididymis were bound to OEC compared to caput epididymal sperm (P < .05; Table 3 ). The cryopreservation process did not affect the binding capacity of ejaculated or epididymal spermatozoa (P > .05; Table 3 ).
Discussion
In the present study, we investigated the binding capacity of ejaculated and epididymal spermatozoa to OECs, before and after the cryopreservation process. Initially, the sperm kinematics and viability from the different groups were studied.
The acquisition of sperm motility during the posttesticular maturation in the epididymis is well established [15] . The present study demonstrated an increased number of motile cells in corpus and cauda epididymis compared to caput epididymis, suggesting that the equine sperm motility develops mainly from the corpus epididymis. Furthermore, this hypothesis is supported by several changes in the maturation accomplished during epididymal transit that facilitates sperm motility [39] . These modifications include changes in cAMP concentrations between epididymal regions [40] , decrease in intracellular pH [15] , decrease in free calcium ion concentration and glucose transport in sperm [41] , and decrease in mitochondrial calcium ion exchange [42] .
The spermatozoa from the caput epididymis exhibited a failed capacity of movement at this initial stage of maturation, even after dilution in the freezing extender, according to our results. The intraluminal pH and bicarbonate concentration are known to mediate the sperm motility in epididymis [43] . In bulls, the pH of the epididymal cauda fluid (pH 6.5) is lower than in initial segments (pH 7.2), and the bicarbonate concentration decreases from the rete testis fluid (30 mM) to cauda epididymitis (3-4 mM) [43] , which might be related to the quiescence of the spermatozoa observed in caput epididymis. Interestingly, the PMI was lower in caput epididymal sperm than corpus and cauda epididymal sperm. These results are reinforced by others studies which reported that the progressive movement ability and the modifications on sperm lipid Fig. 1 . Sperm kinetics parameters and plasma membrane integrity of fresh ejaculated sperm; and caput, corpus, and cauda epididymal sperm (means AE SEM; n ¼ 10).
a-b-c P < .05. PM, progressive motility; PMI, plasma membrane integrity; RAP, rapid cells; SEM, standard error of the mean; TM, total motility. Fig. 2 . Sperm kinetics parameters and plasma membrane integrity of frozen-thawed ejaculated sperm; and caput, corpus, and cauda epididymal sperm (means AE SEM; n ¼ 10).
a-b-c P < .05. PM, progressive motility; PMI, plasma membrane integrity; RAP, rapid cells; SEM, standard error of the mean; TM, total motility. composition appear specifically in the corpus region due to its biochemical environment [12, 44] .
The sperm cryopreservation is an essential procedure to preserve sperm cells and can be applied for epididymal sperm to ensure the preservation of the genetic material from endangered species or sudden death [1] . The frozen epididymal sperm can be stored for a long period of time [3] ; however, our results demonstrated that the freezethawing process causes reduction of sperm motility and viability in ejaculated and epididymal sperm.
The sperm kinematics of frozen-thawed ejaculated sperm were higher than corpus and cauda epididymal sperm, contrary to previous reports in horses [2, 3, 45, 46] , pigs [47] , and goats [48] , which observed that the motility parameters and PMI after thawing were similar in ejaculated and epididymal sperm [3] . Moreover, the TM and PM of cauda epididymal sperm were lower than that described by Papa et al [1] and Monteiro et al [3] ; probably, the age factor may have influenced the results as stallions aged between 34 and 38 months were used.
In the current study, an ex vivo equine sperm-oviduct binding assay was used to mimic the events that take place in the oviduct before fertilization. The use of a heterologous system for studying sperm binding to the oviductal epithelium has been examined in several species including the binding of human spermatozoa to the oviducts of cows and macaques [35] , canine sperm to porcine oviducts [49] , and stallion sperm to bovine oviductal cells [21, 30] .
With regard to the quantification of sperm-oviduct binding, the cauda epididymal sperm exhibited a higher binding capacity, followed by epididymal corpus and caput. These results imply that sperm undergo developmental changes as they pass through the epididymis which appears to increase their capacity to bind to the oviductal epithelium.
The binding capacity of the ejaculated sperm to oviduct explants was higher than the epididymal sperm; this finding was similar to other study in pigs [36] . The interaction of ejaculated sperm with the secretions of the accessory glands, which are responsible for secreting large quantities of phospholipids, especially lecithins, play a role in sperm binding to OECs [24, 50, 51] and may have influenced the binding ability of ejaculated sperm in this study.
Furthermore, the seminal plasma proteins are involved in the establishment of the oviductal sperm reservoir [18, 52] . The sperm binding to oviductal epithelium has been shown to involve carbohydrate-protein interactions [53] . The porcine spermadhesins, AQN-type proteins, are associated with the sperm surface at ejaculation and contribute to the formation of the oviductal sperm reservoir through interaction with the glycoconjugates of the oviductal epithelium [37, 47] . The PDC-19 proteins are secreted by the seminal vesicles of the bull, and these proteins are attached to the sperm membrane during ejaculation and bind to fucosylated molecules in the oviductal epithelium [20] . Also, in the domestic cat, the seminal fluid promotes in vitro sperm-oviduct binding [54] . The formation of oviductal sperm reservoir in the mare is poorly understood. Our results suggest that the seminal plasma plays an important role in sperm binding to OECs and consequently the establishment of the oviductal sperm reservoir, as more ejaculated spermatozoa were bound to oviduct explant compared to epididymal sperm. The sperm cryopreservation causes damage to plasma membrane [55] , leading to a reduced number of sperm with the ability to bind to oviductal cells [36] . However, in this study, the cryopreservation process did not affect the binding capacity of ejaculated or epididymal spermatozoa, unlike other studies that observed a decrease in binding capacity of frozen-thawed sperm to OECs [47, 51, 56] . Factors such as the freezing extender and/or freezing protocol used in this study may have provided greater protection to sperm during the cryopreservation process, preserving the binding capacity of ejaculated and epididymal sperm cells.
Conclusion
The sperm kinematics and oviduct binding assay revealed a progressive development on motility, viability, and binding capacity of epididymal sperm, according to epididymis region and maturation stage of spermatozoa. The higher binding capacity of ejaculated sperm to oviduct explants suggests that the seminal plasma plays an important role in the establishment of the oviductal sperm reservoir. Also, the cryopreservation process did not affect the binding capacity of ejaculated or epididymal spermatozoa to oviductal epithelium.
